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Abstract: The optimized concentration of SFy gas is the key to maintaining a good insulation perfor-
mance by GIS equipment. The precise measurements of the SF4 concentration and decomposition
byproducts could be used to indicate the remaining GIS insulation level during long-term operations.
In this paper, a finite-element simulation model was created to investigate the SFq gas decomposition
and diffusion dynamics. A theoretical analysis and simulation of the overheating fault, i.e., the
contact between the GIS disconnect switches, were carried out, followed by an estimation of the SF¢
decomposition and diffusion characteristics caused by the local heating faults, based on the calculated
flow velocity field and temperature field.

Keywords: GIS disconnect switch; contact overheating; numerical simulation; SFg gas diffusion

1. Introduction

Compared with the traditional means of electrical transmission, such as overhead lines
and underground cables, GIS equipment has advantages, such as a high reliability and
flexibility. Statistics show that the accident rate for a GIS is only 16.6~40%, compared to that
of the traditional electrical transmission. However, with the extension of service time and
application cases, such as new energy power systems, the reported failure of GIS equipment
is undesirably increased. The major criterion affecting the insulation performance is the
gradual decomposition and deterioration of the SF¢ dielectrics and the abnormal heating of
the internal equipment, due to a poor contact performance. Due to the uneven and poor
contacts that occur during the spring performance, the knife gate mouth, when using the
clamping spring fixed tulip contact position, is the most likely area to be affected by the
abnormal heating inside a GIS. In addition, the GIS equipment uses a sealed structure; if
an accident occurs, it is difficult to locate the fault, potentially leading to a long period of
repairs. Consequently, not only are the safety and stable operations of the entire power
system threatened, but there are also adverse social impacts, and even significant economic
losses [1,2]. Therefore, studies on the GIS equipment’s overheating fault mechanism and
diagnosis methods could help to improve the response time, accuracy, and reliability of the
GIS equipment in overheating fault diagnoses and ensure the safe and stable operation of
the power system.

In recent decades, efforts have been made regarding the investigation of the decom-
position characteristics of SF¢ gas. Most previous studies were carried out on pure SFg
gas. Infrared spectroscopy was first used in [3] to study the decomposition of SF¢ gas in a
closed glass tube by introducing a high-temperature copper wire inside the pipe, which
indicated that the decomposition temperature of SFq gas was between 500 °C and 600 °C
The thermal stability of SFs was studied in [4], where it was found that the decomposition
product of SF¢ gas, i.e., SF4, was detected when the temperature exceeded 1500 K. Recently,
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the increasing interest in applying GIS equipment has promoted both experimental and
simulation works on SFg gas” decomposition characteristics. The literature [5] conducted
a heat generation simulation study using the casing of the circuit breaker to simulate the
decomposition of SFq gas at different temperatures and humidity levels, which found that
the decomposition of SFy gas that occurs at 350 °C, was mainly SO,, HyS and HFE. The
greater the humidity, the more violent the decomposition of SFg, and the greater the volume
fraction of these byproducts. The Literature [6] simulated the SFs decomposition products
and their volume fractions at different temperatures and humidity and found that SFs gas
is more easily decomposed at a high humidity, but the diffusion characteristics of SFs and
its decomposition products are not involved. In the literature [7], a live detection test of
the decomposition products of the GIS equipment was carried out, and no SO, and H,S
components were detected inside the GIS equipment under normal operations. CO compo-
nents were detected inside more than 50% of the equipment samples, but the test lacked
the theoretical and simulation studies to guide the arrangement of the detection points.

At present, traditional diagnosis methods for detecting overheating faults inside a
GIS, such as the direct temperature measurement method and non-contact temperature
measurement method, cannot identify the exact type of fault inside the GIS equipment,
and the fault identification accuracy is low. To realize an early overheating fault diagnosis
of the GIS equipment, based on the temperature rises and the SFs decomposition gas, this
paper takes the GIS isolation switch as the testing object. The overheating deterioration
mechanism of the GIS isolation cutter contact and the relationship between the contact
resistance and the temperature, as well as the basic theory of the SF4 gas diffusion and the
influencing factors, were studied using the finite element analysis method. This numerical
study of the diffusion characteristics of the SFq decomposition gas under local superheat
conditions can be used as a reference for the determination of the best gas sampling point
for the thermal fault diagnosis of physical GIS models.

2. Contact Deterioration and Temperature Rise Characteristics of the Disconnect
Switch Contacts

Reliable contact is an important condition to ensure the stable operation of GIS dis-
connect switches, and the calculation of the contact resistance is the basis for analyzing the
temperature field and overheating faults in the GIS disconnect switches. This section first
studies the basic structure of the disconnect switch, then analyzes the calculation method
of the contact resistance and the temperature rise in the disconnect switch contacts. Finally,
the calculated parameters are used as the basis for studying the relationship between the
temperature rise and the contact resistance.

2.1. Analysis of the Basic Structure and the Key Parameters of the GIS Disconnect Switches

The GIS switch blade type equipment uses contacts as the plug between the electrical
equipment. Due to the elasticity of these contacts, the electrical equipment could move
within them when subjected to heat or external forces and movement. These contacts
serve as buffers and reduce the damage to the insulator caused by thermal or mechanical
stresses [8].

The common forms of GIS contacts include strap contacts, spiral spring contacts and
tulip contacts. At present, most of the GIS equipment in operation is equipped with tulip
contacts, which are composed of multiple contact pieces surrounded by a spring, with a
compact structure and uniform electric field distribution [9]. At the same time, it is mostly
used in oilless switches and combined appliances, due to its advantages of having more
contact points, a good electrical conductivity, and a high stability. Its typical structural form
is shown in Figure 1.
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Figure 1. Structure and design parameters of the tulip contact.

The pressure between the tulip contact finger and the conductor is mainly provided by
the clamping spring that surrounds the outside of the tulip contact finger, so the mechanical
characteristics of the clamping spring need to be considered when calculating the contact
pressure [10].

Let the diameter of the clamping spring be Dy when it is naturally closed, and its
diameter be D, when in operation. The force acting on the clamping spring by the tulip
contact is F1, and the reaction force, the natural elongation of the clamping spring, is Iy.
According to the conservation of energy, the relationships between the above parameters
can be described by Equation (1)

nFidRm = d(0.5gKX?) = KXdX
X =pD —1Iy=p(D — Do) 1)
dX = dp(D — Dy) = pdD = 2pdRm

where 7 is the number of contacts, Rm is the outer radius of the spring, K is the spring
stiffness coefficient, X is the spring elongation corresponding to a spring diameter of D,
and dX is the amount of change in the length of the spring.

Substituting X, dX into the energy balance equation, the expression for the contact
pressure of a single contact piece and conductor is found to be

nFidRm = Knt(D — Dy)27tdRm @)

2K72(D — D 4K 72
F = ( 0) _ ARy = |Fyo| €)
l’lp n

When Rm = D, /2, is the expression of the centripetal force of each spring on each
contact finger, when the spring is in operation is:

2K7*(D — Dy) _ 2Km(nD; — lp)
Mp - Mp

(4)

Fxkm =

Since the tulip contacts themselves act as part of the conductive circuit, the spring force
acting on a single tulip contact has twice the contact pressure between the tulip contact
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and the conductor contact, and if there are n clamping springs on the contacts, the contact
pressure on a single contact is

F
Fe= M )

where 7 is the number of springs; Fgys is the spring-to-finger pressure; and Fy is the
finger-to-moving-contact pressure.

2.2. Calculation Method of the Contact Resistance and Temperature Rise of the GIS Disconnect
Switch Contacts

GIS isolation contact resistance is the main factor affecting the rise in the temperature
of the GIS isolation contacts. To study the effect that the rising temperature has on a GIS
isolation contact and the gas decomposition characteristics, the correspondence between
the contact resistance and temperature rise of GIS isolation contact must first be evaluated.
The contact pressure is the key factor affecting the contact resistance, and the size of the
contact resistance and its stability has a significant impact on the temperature rise in the
GIS equipment, during long-term operations. Considering the influence of each factor on
the contact resistance, the empirical Formula (6) is derived

Ke

(Fx /9.8) ©)

Ry =

where Ry is the contact resistance (), K, is the material- and processing-related correlation
coefficient, Fg is the contact pressure (N), and K. = 100 for the copper-silver-plated-silver-
plated contacts. X..s is the mutual inductance between a unit length of cable conductor and
its sheath.

In actual operation, the change in contact resistance would lead to a change in the
rise in temperature of the contact point of the GIS isolation cutter gate. The relationship
between the contact resistance and temperature rise is

1 IR, 1

where AT)4x is the maximum value of the local temperature rise; A is the thermal conductiv-
ity of the contact element (Acopper = 383 W/(mK), Agjyer = 411 W/(mK)); a is the tempera-
ture coefficient of the contact element (os;jyer = 0.0038 ppm/°C, acopper = 0.00393 ppm/°C);
and I is the current [11].
When the GIS isolation cutter gate is operated under a certain stable current, Equation
(7) shows that the temperature rise in the GIS contact is mainly determined by the size
of the contact resistance under the condition that the temperature coefficient « and the
thermal conductivity A of the contact element are certain. This is positively correlated, and
the expression is
AT Rk (8)

For the copper-silver-plated-silver-plated material contacts, assuming that the contact
pressure is 0.2 N (the smaller the pressure, the looser the contact point, and the greater the
contact resistance), Equation (6) shows that the contact resistance can reach 700 pQ). The
literature research [12] shows that, in the case of large loads (load current up to 1200 A), the
contact resistance reached 700 p(}, and the tulip contact-finger contact temperature rises
can reach 520 °C, the SFy decomposition temperature.

3. Diffusion Characteristics of SF; Gas

The decomposition products of SFq diffuse within the GIS model until a dynamic
equilibrium is reached. The diffusion law of gas should be studied from the microscopic
perspective, based on which of the influencing factors of gas diffusion are investigated,
and then the natural convection phenomenon that occurs within the closed cavity under
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the condition of the local heat source, is explored from the macroscopic perspective, in
combination with this paper’s research subject.

3.1. Decomposition Properties of the Gases and Their Influencing Factors

Although the chemical nature of SFq is very stable, in the actual engineering, many
factors affect the decomposition of SF4 gas, and its decomposition products also show large
differences. The main influencing factor is temperature, which serves as an insulating
medium. When local overheating occurs in the GIS isolation knife gate, SF; works under
high-temperature conditions and is prone to chemical reactions with the surrounding
electrons. Its chemical equation can be expressed as follows:

SFe+e = (SF¢) " )

where e is the free electron; (SFs) * is the negatively charged particle cluster, i.e., the
product of the chemical reaction between SF4 and the surrounding electron e under high-
temperature conditions.

Under high-temperature conditions, the charged negative particle cluster is further
decomposed into SF5, SF,, SFs, F, F~ and electron e. The products SF5, SF5 and F~ are
important signs of the decomposition of the SFs molecules [13]. The chemical equation for
the decomposition of (SFg) * is shown below.

(SFg) * — SF5 +F + F~ +SF; +SFs+e (10)

From Equations (9) and (10) under high-temperature conditions, SF4 gas easily reacts with
the surrounding ions and produces various kinds of sulfide and fluoride mixed substances.

The solid insulation material in the GIS equipment will react with the SFs decompo-
sition products to produce SO, and Hj;S, etc. Meanwhile, CO, CO,, NO, NO, and other
gases will be produced, due to the cracking of the solid insulation material. The insulation
performance of these SF¢ gas decomposition and reaction products will be greatly reduced.

Under the threshold temperature for the gas decomposition, according to the litera-
ture [14], tests were carried out to study the influence of temperature on the concentration
of the decomposed SFy gas. An alternative current generator was used to heat the GIS
isolation switch to make its temperature exceed the threshold temperature for the gas
decomposition. A thermal sensor was applied to monitor the temperature rising data
in real time and detect the concentration changes of the decomposed gas. According to
the test data, the corresponding concentration changes of CO, SO, and H;S, as the SFg
decomposition products under the overheating conditions increase gradually with the
increase of the contact temperature, as shown in Figure 2.

—e—CO SO2 H2S

Concentration (ppm)
- = N W
nw o o S G 3

(=3

300 320 340 360 380

Temperature (°C)

Figure 2. CO, SO, and H,S concentrations as a function of temperature.

By comparing Figure 2, the following conclusions can be drawn.



Energies 2022, 15, 7834

6 of 16

(1)  With the increase of the contact temperature, the growth rate of the CO concentration
is significantly accelerated. When the contact temperature increases from 320 °C
to 330 °C, the CO concentration grows significantly. When the contact temperature
reaches 370 °C, the CO concentration approaches 16 ppm.

(2) With the increase of the contact temperature, the growth rate of the H,S concentra-
tion also accelerates, but the initial concentration of H,S is smaller than CO; when
the contact temperature reaches 350 °C, the concentration of CO is 9 ppm and the
concentration of H,S is 13 ppm, and the concentration of H,S is obviously larger than
the concentration of CO. Therefore, the concentration of H,S grows faster than that of
CO. When the contact temperature reaches 370 °C, the concentration of H;S reaches
23 ppm, which is also higher than that of CO.

(8) The concentration of SO; increased gradually with the increase of the contact tem-
perature, but always remained at a lower concentration level. When the contact
temperature reached 370 °C, the concentration of SO, was about 2.5 ppm, which is
lower compared to CO and HjS.

3.2. The Diffusion Law of Gases and Its Influencing Factors

Gas diffusion can be divided into continuous motion and intermittent motion. The
research subject of this paper is mainly the SFs decomposition products, whose diffusion
process is mainly influenced by the flow and temperature fields, and is a kind of continuous
forced diffusion. The main theories regarding gas diffusion can be divided into two
categories, namely, the gradient transport theory and statistical theory. The gradient
transport theory includes Fick’s law and the K theory, and statistical theory includes
diffusion with intermittent motion, diffusion with continuous motion (the Taylor diffusion
theory) and the Sutton diffusion mode [15,16]. In this paper, we mainly applied gradient
transport theory, i.e., Fick’s law and the K-theory.

In 1855, the German A.E. Fick, who proposed the fundamental laws that can describe
molecular diffusion, studied the theory of diffusion in the one-dimensional case, with the
classical conduction equation

dq _ 0%q

dt T ox?
where K is the diffusion coefficient of the gas and is generally in the range of 1 x 10~% ~
1 x 1075 m?/s; g is the average value of certain conservative properties within the unit
air mass.

In a three-dimensional space, it is more common that the diffusion coefficients are not
necessarily equal, but vary, with three spatial coordinates. Their equation is as follows:

(11)

40 0 0, 9 L 00

In the above equation, Ky, Ky, and K; are the diffusion coefficients in the x, y, and
z directions, respectively; this turns the gas diffusion problem into a problem of solving
Equation (9) or (10) under suitable boundary conditions, a theory commonly referred to
as the K-theory. When Ky, Ky and K; are taken as constants, the corresponding equation
is Fick’s law. K can be considered a flux that measures a passive property quantity, such
as smoke. By definition, this quantity does not affect the kinetics of the gas motion, but
simply moves with the gas.

3.3. Investigation of the Natural Convection in a Closed Cavity under the Action of a Local
Heat Source

The nature of convection is a macroscopic mechanical motion, which can generally be
divided into two categories: forced convection and natural convection. Forced convection
is convection caused by external forces, while natural convection is convection caused by
the density difference of the fluid, and thus the buoyancy force, which can be caused by
the difference in temperature or concentration [17]. In this paper, we focus on convection
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caused by the temperature and concentration differences in closed walls, which belong to
the category of natural convection. Natural convection can be divided into laminar and
turbulent flow. When the flow rate is very low, the fluids begin to flow in layers, which is
known as the laminar flow. When the flow rate increases, the laminar flow is destroyed,
and the fluids mix with each other and make irregular movements; this is turbulent flow.
The turbulent and laminar flow states are usually judged by the Reynolds number Re,
but for natural convection, the turbulent and laminar flow states are usually judged by
the Grashof number Gr and the Rayleigh number Ra. The Re number, Gr number and Ra
number are defined as follows:

ul
Re = - (13)
_ gBATL?
Gr= 2 (14)

In the above equation, u is the fluid flow rate; AT is the temperature difference; L is
the characteristic length; v is the fluid kinematic viscosity; and a is the thermal diffusivity.

This paper mainly focuses on the diffusion of the SFg decomposition products in the
GIS isolation knife gate, under local superheat conditions. Diffusion within the closed
cavity, under a local heat source, is mainly affected by the size of the heat source; the size of
the cavity also has some influence. The literature [18] shows that the natural convection
within the closed rectangular cavity will be related to the flow field inside the cavity and
the size of the heat source with a Ra number.

According to the literature [19], the following conclusions can be drawn.

(1) The direction of the fluid movement is the flow to the upper middle, and then separate
the flow at the top, and then flow downward after flowing to the inner side of the
wall, and the trajectory of this flow is independent of the Ra number and the size of
the heat source.

(2) The larger the size of the heat source, the greater the fluid flow rate, the higher the Ra
number, the more obvious the effect.

Diffusion in the closed cavity, under the local heat source, where forced diffusion and
free diffusion coexist, in the initial stage of the thermal decomposition of the gas, is mainly
affected by the fluid motion for the forced convection diffusion, while the free diffusion,
caused by the concentration difference is very small and can be ignored; later fluid motion
slows down, the free diffusion of the gas needs to be considered.

4. Numerical Simulation of the SFs Decomposition Gas Diffusion Characteristics
under the Local Superheat Conditions

4.1. Analysis of the Multi-Field Coupling Calculation Methods

In this paper, we consider that the coupling between the flow and temperature fields
is stronger than the coupling between the electromagnetic and temperature fields, i.e.,
the flow and temperature fields are calculated simultaneously. In this paper, the indirect
coupling calculation method, based on FEM and FVM, is considered in the coupling
analysis of the multi-physics fields. According to the calculation flow of eddy field and
the flow field-temperature field sequential coupling, FEM is first used for the eddy field
analysis to calculate the Joule heat loss and the eddy loss of the physical model, and then
the calculated loss is coupled to the fluid field as a heat source. FVM is used for the
flow field—temperature field calculations, to finally obtain the flow and temperature field
distribution of the physical model and the calculation flow is shown in Figure 3.
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Figure 3. Flow chart of the indirect coupling calculation of the multi-physical fields.

The main features of the multi-physics field indirect coupling method used in this
paper, are as follows:

(1) The indirect coupled analysis method solves each physical field independently. A
suitable solution model and a mesh discretization method are used for each field, thus
improving the efficiency of the solution.

(2) The indirect coupling analysis is mainly an independent solution, obtained after
decoupling the vortex field and the flow field—temperature field, i.e., the solution of
the flow field and the temperature field still belongs to the direct coupling analysis,
and the solution of the vortex field and the flow field-temperature field causes the
number of degrees of freedom to decrease when the flow field and the temperature
field are directly coupled to the solution.

4.2. Numerical Modeling Analysis of the SFs Decomposition Gas Diffusion under the Natural
Convection Conditions

When modeling under natural convection, it is necessary to first analyze the boundary
conditions of the model and study the parameters related to its solution domain and the
division of the mesh, particularly the addition of heat and gas sources to the model, their
application in component transport, etc.

4.2.1. GIS Physical Model Results

The GIS physical model includes moving contacts, static contacts, shield, flange, and
housing, etc. The model structure is shown in Figure 1. The static contact, shield, flange
and housing are all aluminum alloy materials, where the tulip contact finger material is
silver-plated copper and the dynamic contact material is purple copper. The sealed cavity
is filled with 0.4 MPa SF4 with gas.

Referring to the literature [20] for the tulip contact temperature field simulation, for
the geometric model of the tulip contacts, the tulip contacts consist of 16 tulip contacts, and
the contact point areas of 15 of them are disconnected so that only one contact point is left
for the tulip contacts. The holding spring is ignored for the purpose of the mesh division.
In this paper, the contact resistance is equated to a square with adjustable conductivity, and
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the corresponding conductivity is calculated from the contact resistance for the simulation.
The structure of the tulip contact after the simplification is shown in Figure 4.
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Figure 4. Detail of the structure of the geometric model of the tulip contact.
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4.2.2. GIS Disconnect Switch Flow Field—Temperature Field Solution Domain

For the GIS disconnect switch model, the fluid is divided into air outside the cavity
and SFg inside the cavity. The air domain is the natural convection formed by the cylindrical
winding flow inside the large space with the length of the outer-surface diameter of the
enclosure, while the SFg domain is the natural convection inside the closed cavity. The
relevant parameters of the flow field calculation are shown in Table 1.

Table 1. Calculated parameters of the GIS disconnect switch flow field.

Fluid Domain Air SF¢
Density p (kg/m3) 1.225 3
Kinematic viscosity v (m?/s) 1.46 x 107 1.42 x 1075
Thermal diffusivity « (m?/s) 1.96 x 10~ 6.01 x 10~°
Fluid velocity u (m/s) 0.3 0.3

Feature length L (m) 0.25 0.0975
Temperature difference AT (K) 29 69
Volume expansion coefficient

8 (1/K) 0.00318 0.00275

Reynolds Number Re 5134 6179

Grashof Number Gr 6.6 x 107 7.7 x 107

Rayleigh number Ra 4.9 x 107 6.06 x 107

For the cylindrical winding flow in the air domain, when the Gr number is less than
6.6 x 107, the flow state of the fluid is laminar, while for the natural convection in a closed
cavity, the turbulence started to appear at the cavity boundary when the Ra number reached
107. Since the Ra number exceeded 107, the standard k-¢ turbulence model was used for the
calculations in this paper.

The radiative heat exchange was adopted as a multi-surface (S,S) radiation model,
which could calculate the radiative heat exchange between the diffuse gray surfaces in the
enclosed area [21]. As the outer surface of the enclosure is painted and the emissivity is
higher than that of the polished metal surface, the emissivity of the outer surface of the
enclosure was set to 0.7 and that of the other surfaces to 0.3. On the basis of the above
assumptions, the solution domain of the three-dimensional flow—temperature field of the
GIS isolation switch is shown in Figure 5.
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Figure 5. Schematic diagram of the flow field-temperature field solution domain of the GIS isola-

tion switch.

The solution domain of the flow field—temperature field was divided into fluid ();
and solid )y, where the fluid domain included the air domain and the 0.4 Mpa gas domain
(SFg) inside the chamber. The main boundaries involved in the solution domain of the flow
field—temperature field analysis, was the air domain boundary I';, the flange boundary I',,
the dynamic contact—flange intersection I's and the medium interface I'y. The boundary
conditions were the same as those for the flow field.

The solver is a split-solver, i.e., based on pressure, with a SIMPLEC algorithm, the
Green—-Gauss node-based format for the gradient term, the PRESTO! format for the pressure
term, and the second-order windward format for the momentum, the turbulent kinetic
energy, the turbulent dissipation and the energy terms, as well as temperature-monitoring
points at the shell and contact fingers. Following the initialization of the heat source, the
pressure of the gas in the cavity used Patch to create the gauge pressure in the 0.4 MPa
cavity, and the flow field-temperature field was solved by completing the above settings.

4.3. Mesh Division and the Component Transport Model Setup
4.3.1. Grid Division

The structure of the GIS disconnects switch model studied in this paper was symmet-
rical, so a top-down strategy was adopted for the structural meshing of the GIS disconnect
switch model, and the specific division was not introduced. The tulip contact division was
used as an example, as shown in Figure 6.

Figure 6. GIS model plum touch finger.

4.3.2. Setting of the Component Transport Model

To simulate the diffusion law of the SFq4 gas decomposition by heat in the GIS isolation
switch tank, the above model was used for the simulation analysis and, when the flow
field—temperature field was stable, the gas source was added to the original model for the
simulation analysis, to simulate the diffusion law of the SF4 gas decomposition products
by heat in the GIS isolation switch tank, under local superheat conditions.
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The addition of the gas sources was realized by the component transport model in
the fluent, which can be used to solve the transport process and chemical reactions. The
simulation model established in this paper mainly focuses on the diffusion law of the
SF¢ decomposition products in the GIS isolation barrier, so the non-reactive component
transport model was used for the analysis.

5. Numerical Simulation Results and the Analysis of the SF; Decomposition Gas
Diffusion under the Natural Convection Conditions

5.1. Flow Field-Temperature Field Results and Analysis

The simulation mainly studied the diffusion of several decomposition gases inside the
GIS under local superheat conditions, but the diffusion of the gases is closely related to the
flow field and temperature field inside the GIS cavity. According to the above model and
the simulation design parameters, the velocity cloud diagram of the GIS flow field and the
velocity vector diagram of the GIS flow field are shown in Figures 7 and 8, respectively.
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Figure 7. GIS flow-field velocity cloud.
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Figure 8. GIS model simulation temperature field.

The fluid inside the GIS is mainly SF¢ gas, as can be seen in Figure 6. In the local fault
overheating conditions, the fluid inside the GIS SF¢ began to flow; as the temperature rose,
the hot gas flowed upward, first from the contact point to the shield, then with the opening
of the shield to the upper wall of the GIS interior spurt, and then the airflow reached
the inner wall of the GIS cavity in the right part, above the opening of the shield. Then,
part of the airflow flowed along the inner wall of the cavity, and part of the gas bounced
downward through the upper wall.

Figure 6 also shows that the velocity was highest at the opening of the shield, at about
0.9-1.0 m/s. The fluid velocity between the opening of the shield and the upper wall of
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the GIS cavity was also high, and when the fluid reached the upper wall of the GIS model
cavity, its velocity gradually slowed down, due to the blocking effect of the upper wall of
the GIS model cavity.

The temperature field of the GIS model was simulated and obtained, as shown in
Figure 8.

As can be seen from Figure 8, the temperature rise inside the GIS cavity was generated
from the contact area between the tulip contact finger and the moving contact, and the
contact area was equivalent to the heat source, i.e., the simulated local overheating fault
area. The temperature of the contact point increased with the increase in the current,
heating the fluid around the contact area. The fluid absorbed the heat energy and converted
it into rising kinetic energy to flow in the cavity. The heat flow reached the upper wall of
the GIS model cavity. As the upper wall was an aluminum alloy wall, the temperature
was significantly lower than the airflow temperature, so the airflow transferred some of
the energy to the GIS model cavity wall, causing its temperature to slowly rise, while the
airflow temperature decreased.

5.2. Diffusion and Distribution of the Gas Components

The simulation results of the flow and the temperature fields were studied and ana-
lyzed, and the following simulation results were analyzed for the diffusion and distribution
of the gas components. The results of the mass fraction distribution of harmful gases CO,
50, and H,S at different moments, were selected for the analysis.

5.2.1. Analysis of the CO Mass Fraction Distribution

The distribution of the CO mass fraction at different moments, is shown in Figure 9.

CO=2NNRWRNNOONNRROG |
VB NNOWOROUS DN NWRRO |

Otz LA i O DN~ 00 D 1D
DN NNEWO RO DN WSO
PPPPPPPRRPRPERPPRE

(c)10s

Figure 9. CO mass fraction variation law with time.

As can be seen from Figure 9, CO gas was generated from the contact part (the
connection position between the tulip contact finger and the moving contact), first diffused
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to the position above the inner shield with the fluid flow in the cavity, and then spurted
outward along the opening of the shield, until it reached the upper wall of the inner GIS
cavity. The first time it reached the position located above the shield opening, to the right;
then, due to the blockage of the upper wall surface, the gas continued to flow along the
upper wall surface to the left and right wall surfaces to diffuse, and part of the rebound
underwent a downward diffusion. In this process, the diffusion of gas converted from
the form of forced convection to the form of natural convection. This forced diffusion is
caused by the gas convection, while the natural diffusion is caused by the gas concentration
difference. As the gas source was close to the left side of the GIS cavity, the CO gas reached
the upper wall surface and the upper left corner of the left flange first, then relied on the
concentration diffusion and moved to the right flange of the GIS cavity. The concentration
was higher near the upper right corner.

5.2.2. Analysis of the Mass Fraction Distribution of SO,

The distribution of the SO, mass fraction at different moments, is shown in Figure 10.
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Figure 10. Variation of the SO, mass fraction with time.

The concentration of SO, was also an order of a magnitude lower than that of C and
H,S because the gas production was not high. The gas first reached the inner wall surface
of the GIS housing at the top right of the shield, and then reached the upper left wall surface
of the left flange, which coincided with the flow and temperature fields.

5.2.3. Analysis of the Mass Fraction Distribution of H,S

The distribution of the H,S mass fraction at different moments, is shown in Figure 11.



Energies 2022, 15, 7834

14 of 16

POOODODD
A i Ay

QDO DDDDDD
[sl=lalelalala u]a]
00000000
NNSNSNNNNNSN

e+000

OUN==RNNLANGOIOON~N0D 0O
O NNPWOROU=D NN DL

@
A A M A

o
=]
&

OU=2NNRRANNDIDNNOPOD

QU=2PNNWWANNIDNNDOOO

(©)10s

Figure 11. H,S mass fraction as a function of time.

The H;,S gas production was greater, and its concentration was higher. H,S gas first
reached the inner wall surface of the GIS housing at the top right of the shield, then
reached the upper left wall surface of the left flange, which coincided with the flow and
temperature fields.

From the above mass distribution diagrams of the three gases and the simulation
results of the flow and temperature fields, the flow and temperature fields had a large
influence on the gases. The gas diffusion is basically forced diffusion, caused by fluid
flow in the early stage, and then turned into natural convection diffusion, caused by
the concentration differences. Its diffusion trend was similar to the distribution of the
temperature field and the flow field. The best gas sampling point of the GIS model can be
found from the simulation results, providing a basis for the more accurate collection of the
decomposition gas of the GIS equipment in actual operation and maintenance.

6. Conclusions

In this paper, a multi-physics field coupled with the numerical simulation of a GIS
isolation switch model, was carried out using simulation software. First, the finite element
method and finite volume method were studied and the multifield coupling calculation
method was analyzed. The model was then numerically modeled, and the calculation
principle, solution domain and boundary conditions and the mesh division of the model
were studied. Finally, based on the numerical modeling of the SFg decomposition gas diffu-
sion under natural convection, the model simulation results were obtained, and the results
regarding the vortex field, flow field, temperature field and the mass distribution of the SF¢
decomposition gas diffusion were obtained and analyzed. The following conclusions can
be drawn:
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1.  The vortex field yields the contact resistance as the main heat source, which plays a
decisive role in the distribution of the temperature and flow fields; the simulation
results of the flow field—temperature field show that the contact point is the heat
source, forming a temperature difference that leads to the natural convection within
the model.

2. CO, H,S and SO; gases are diffused with the flow field in the early stage. First, the
diffusion occurs until the shield opens above the right side of the upper wall of the
GIS cavity. Then, due to the blockages, part of the gas along the upper wall continues
to flow to the left and right wall diffusion. Part of the rebound downward diffusion,
at this time, slowly occurs, causing the fluid flow to rely on the diffusion of the gas
concentration difference.

3. The gas source is close to the left side of the GIS cavity. The simulation results show
that, after the arrival of the gas on the upper wall, the source is first diffused to the
upper left corner of the left flange, and then relies on the diffusion concentration to
the right wall flange of the GIS cavity. The concentration of gas is higher near the
upper right corner.

4. Accordingly, the best gas sampling point for the GIS model can be judged, which
provides a basis for the more accurate collection of the GIS equipment’s decomposition
gases, during the actual operation and maintenance.
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